The bean bug (Riptortus clavatus) is a serious insect pest of soybean. Corn (maize) cystatin strongly inhibited the activity of its digestive cysteine proteinase. Heterologous expression of corn cystatin in soybean seeds inhibited the insect's proteases, but not its growth.
Plants contain a wide variety of protease inhibitors. One group of such inhibitors, cystatins, inhibit such cysteine proteases as papain and cathepsins, and have been isolated from a variety of food crops, including rice, 1) corn (maize), 2) wheat, 3) Job's tears, 4) soybean, 5) and papaya. 6) Cystatins seem to regulate phytophysiological events such as germination and apoptosis by inhibiting endogenous cysteine proteinases. 7) They might also defend against phytophagous insects, root nematodes, and fungal pathogens. 8) The bean bug, Riptortus clavatus Thunberg, causes serious damage to soybean production in southern and western Japan. The bugs pierce the pod pericarp with their stylets to feed during pod development. This feeding stops the development of the immature seeds, and damage to the developing seeds causes great commercial loss. Chemical pesticides are generally used to control the bean bug, but they often offer little benefit because of the bugs' high mobility. Resistance is therefore needed in soybean, although it has not been found in soybean germplasms. Oryza cystatin 1 (OC1) and 2 (OC2), which are cysteine proteinase inhibitors in rice seeds, have inhibited the growth of R. clavatus when added to the bugs' diet at 0.3% to 1.0% (w/w). 9) In addition, transgenic rice accumulating corn cystatin 1 (CC1) has strongly inhibited gut proteinases of the maize weevil, Sitophilus zeamais. 10) We compare here the inhibitory effects of cystatins from maize, rice, and Job's tears on cysteine proteinase of R. clavatus, and then assess the insecticidal activity of transgenic soybean overexpressing an exogenous cystatin.
We selected three cereal cystatins, OC1 (P09229), 1) CC1 (P31726), 2) and Job's tears cystatin (JTC, BAB21558), 4) whose structures differ considerably from that of soybean cystatin, 5) as candidates. Their deduced amino acid sequences have hydrophobic residues in the N-terminal region resembling a signal peptide, suggesting that they are vacuole-secretory proteins 7) (Fig. 1A) , although there is no experimental evidence for this. Each cystatin gene without the sequence encoding the deduced signal peptide was inserted into the pET28a plasmid and expressed in Escherichia coli BL21(DE3) cells. His-tagged cystatin proteins were purified in a HisTrap HP column (GE Healthcare; Fig. 1B ), and their inhibitory activity was measured as described 11) with some modifications. Crude digestive enzymes were extracted from the abdominal segments of 25 secondinstar nymphs of R. clavatus by homogenizing in 1 mL of a 40 mM sodium acetate buffer (pH 5.5) containing 4 mM disodium EDTA on ice, and then centrifuging the extract. The filtered supernatant (0.2-mm cellulose acetate filter; Advantec, Tokyo, Japan) was diluted to achieve an enzyme concentration that released 0.1 mM of 7-amino-4-methylcoumarin (AMC) per min from the synthetic fluorescent substrate, Z-Phe-Arg-MCA (Peptide Institute, Minoh, Japan). A 100-mL amount of the diluted enzyme was preincubated for 10 min at 30 C with each of the recombinant proteins in 650 mL of a 133 mM acetate buffer (pH 5.5) containing 1.33 mM disodium EDTA and 2.67 mM DTT. A 250-mL amount of 20 mM Z-Phe-Arg-MCA was then added to the reaction mixture, and the mixture incubated for 10 min at 30 C. The reaction was terminated by adding 1 mL of a stopping solution (100 mM monochloroacetate, 30 mM sodium acetate, and 70 mM acetic acid at pH 4.3), and the fluorescence of AMC liberated by the cysteine proteinase was monitored at 370 nm (excitation) and y To whom correspondence should be addressed. Tel/Fax: +81-29-838-7452; E-mail: ishimoto@affrc.go.jp * Present address: NARO Institute of Crop Science, 2-1-18 Kannondai, Tsukuba, Ibaraki 305-8518, Japan ** Present address: NARO Kyushu Okinawa Agricultural Research Center, 2421 Suya, Koshi, Kumamoto 861-1192, Japan *** Present address: National Institute for Agro-Environmental Sciences, 3-1-3 Kannondai, Tsukuba, Ibaraki 305-8604, Japan
Abbreviations: AMC, 7-amino-4-methyl-coumarin; E-64, L-trans-3-carboxyoxiran-2-carbonyl-L-leucylagmatine; MCA, 4-methyl-coumaryl-7-amide 460 nm (emission) with an F-2000 spectrofluorometer (Hitachi High Technologies, Tokyo, Japan). We used the synthetic cysteine proteinase inhibitor, E-64, as a positive control to validate the assay. CC1 inhibited the cysteine proteinases of R. clavatus by >70% (Fig. 1C) . In contrast, OC1 inhibited the activity by <40%, suggesting that some R. clavatus cysteine proteinases were not inhibited by OC1. We therefore selected the CC1 gene to introduce into soybean.
A cDNA fragment encoding the precursor CC1 polypeptide 2) or a truncated derivative (CC1T) 10) omitting the sequence encoding the deduced signal peptide (Fig. 1A) was inserted into the pUHG transformation vector, 12) together with either the constitutive cauliflower mosaic virus 35S RNA promoter (P35S) or the seed-specific promoter (P7S) of the cgy 0 gene, which encodes the 0 subunit of soybean -conglycinin (a major seed storage protein), and the nopalin synthase (NOS) terminator (Fig. 2A) . The three transformation vectors, P35S:CC1, P7S:CC1, and P7S:CC1T, were introduced by particle bombardment into somatic embryos that had been induced from immature cotyledons of the soybean cultivar 'Jack,' and the transgenic plants were recovered as described. 13) Proteins were extracted from transgenic seeds of the T 1 generation in a 1 Â SDS sample buffer (50 mM Tris . HCl at pH 8.0, 0.2% SDS, 5 M urea, and 2% -mercaptoethanol), and the extracted proteins (300 mg) were fractionated by SDS-polyacrylamide gel electrophoresis in 13.5% gel. The separated proteins were transferred to a polyvinylidene difluoride membrane (GE Healthcare) and exposed to the anti-CC1 antibody.
14) The mature form of CC1 was distinctly detected at around 12 kDa in the transgenic lines, but only a faint background appeared in the non-transgenic seeds (Fig. 2B) . Densitometric measurement, using the recombinant CC1 protein as a reference, enabled the level of CC1 or CC1T in the transgenic soybeans to be estimated as <30 ppm among the soluble proteins, which was about 1/100 of the effective concentration, 9) and there was little difference among the three transgenic lines. The mobility of the full CC1 protein was slightly lower than that of the CC1T protein (without the predicted signal peptide). This discrepancy might indicate that the processing position of the signal peptide differed between soybean and maize, and (or) that removing the deduced signal peptide produced unexpected degradation of CC1T, although there is no practical information of the processing procedure for CCI. We eventually obtained two, four, and one independent transgenic lines accumulating heterologous cystatins by respectively introducing P35S:CC1, P7S:CC1, and P7S:CC1T. These plants were fertile, and the CC1 gene had no obvious deleterious effect on the growth and development under greenhouse conditions. The transgenes were inherited by the next generation, and finally, one, two, and one independent fixed lines were developed for the respective transformation vectors. We used one fixed line stably accumulating a high content of the transgene product for each vector construct in the subsequent analysis. These three lines gave relatively simple banding patterns by a DNA blot analysis, and harbored one to three copies of the transgenes (Fig. 2C) .
We measured the inhibition of a commercial papain sample (Sigma-Aldrich) and a crude proteinase preparation from second-instar nymphs of R. clavatus to examine whether heterologous CC1 produced in the transgenic soybean seeds affected cysteine proteinase. The protein (37.5 mg) extracted from the P7S:CC1T and P35S:CC1 lines inhibited papain significantly more highly than that from non-transgenic seeds (Table 1 ). In addition, the protein (9.4 mg) extracted from the P7S:CC1T line gave significantly higher inhibition of the insect protease than that from non-transgenic seeds. The accumulation of CC1 or CC1T could therefore enhance the inhibition against papain and the cysteine proteinase of R. clavatus, although the effect was only partial (Table 1) . Pre-incubation with 37.5 mg of extracted seed protein resulted in nearly 50% reduction of the insect proteinase activity, but there was no significant difference in the presence or absence of heterologous cystatins in the extract. These results also indicate that the endogenous cystatin in soybean inhibited the digestive enzyme activity of R. clavatus as well as papain.
We evaluated the insecticidal activity of CC1 and CC1T toward mature transgenic seeds by feeding R. clavatus according to the previous procedure 15) with some modifications. One second instar nymph (9 d after egg collection) was placed on a seed, using 30 seeds per line. Most nymphs developed to the adult stage, and there was no significant difference in adult size (Table 1 ). In contrast, adults emerged significantly earlier on the CC1 and CC1T seeds than on the nontransgenic seeds. Colorado potato beetle raised on transgenic potato expressing OC1 could compensate for loss of the digestive cysteine proteinase function by producing novel digestive proteinases, 16, 17) in some cases developing faster than on non-transgenic leaves. 18) It is imperative to inhibit insect growth completely to avoid such compensation and adaptation. A previous trial has suggested that complete suppression of R. clavatus required the addition of recombinant OC1 protein at >1:0% (w/w) to the diet. 9) We show in the present study that CC1 had higher inhibitory activity than OC1 against R. clavatus cysteine proteinase. Although P7S promoted the accumulation of exogenous proteins at up to 2.9% of the total soluble protein in soybean seeds, 19, 20) the accumulation of CC1 and CC1T here was only <30 ppm as indicated previously, 10, 21) and the current content of CC1 in transgenic soybean seeds was not enough to confer resistance to R. clavatus. We need a new strategy (Fig. 1A) . P35S, the cauliflower mosaic virus 35S RNA promoter; hpt, hygromycin phosphotransferase gene; Tnos, terminator of the nopaline synthase gene; P7S, promoter of the gene for the 0 subunit of -conglycinin; sGFP(S65T), modified green fluorescent protein gene. B, Expression and accumulation of corn cystatins in transgenic soybean seeds. Seed proteins (300 mg) were fractionated by SDS-PAGE in 13.5% gel and immunoblotted. The separated proteins were transferred to a polyvinylidene difluoride membrane and exposed to rabbit polyclonal antibodies to CC1. Immune complexes were detected with an ECL western blotting detection system (GE Healthcare). Different amounts of recombinant CC1 were also immunoblotted for calculating the concentration. The unfilled arrowhead indicates the position of exogenous cystatins. C, Detection of transgenes in transgenic soybean plants by a DNA blot analysis. Total genomic DNA (10 mg) of transgenic soybean plants was digested with EcoRI and hybridized with a specific probe for CC1, which had been amplified with the primer pair, mCC1-FW (GCTGACAACGCCGGGATGTTGGC) and mCC1-RV (CCCTCTTCAACAGGCTTGAA-CTCCTGG).
for the over-accumulation of exogenous cystatin to achieve practical defense against R. clavatus.
